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Abstract
Photons produced in pp interactions at 450 GeV/c were detected by reconstructing the e+e− pairs of photon conversions in
a 1 mm thick lead sheet placed in front of the MWPCs of the OMEGA spectrometer at CERN. A soft photon signal 4.1± 0.8
times the inner bremsstrahlung prediction was observed in the forward rapidity region (yc.m.s.  1.2), thus extending the domain
of the anomalous soft photon effect seen already in K+p, π+p and π−p interactions.
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1. Introduction
In the physics of hadron interactions there is an
anomaly known as an excess of soft photons in
hadronic reactions at high energy, or the effect of
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anomalous soft photons (ASP). The term soft means:
softer in energy or PT as compared to typical values
of these variables for photons from decays of unstable
hadrons. The term anomalous appeared due to a
significant excess of the observed soft photon signal
over the expected level of the inner bremsstrahlung
from the initial and final hadronic states, which is
believed to be the only essential source of prompt soft
photons in hadronic interactions [1,2]. The rate and
properties of the inner bremsstrahlung are well known,
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being deduced explicitly from QED [2,3]. Therefore,
the persistence of the soft photon signal in excess of
the bremsstrahlung in several hadronic reactions is an
intriguing feature of the physics of hadron collisions.
The first observation of the ASP signal was re-
ported by the CERN WA27 Collaboration which stud-
ied a K+p exposure at 70 GeV/c using BEBC [4].
The signal remaining after subtraction of hadron de-
cay photons was found to be similar in shape to
bremsstrahlung, but larger in size by a factor of four.
Later on, the results from the CERN EHS-NA22 Col-
laboration with K+ and π+ beams on protons at
250 GeV/c also found an excess of soft photons [5],
by factors of 6 and 7, respectively, as compared to
the bremsstrahlung predictions. A similar effect was
found in the experiment WA83, specially designed to
study the production of anomalous soft photons with a
fine-grained, very-forward electromagnetic calorime-
ter (c.m.s. rapidities ranging from 1.4 to 5), using
π−p interactions at 280 GeV/c [6,7]. The result of
the WA83 experiment was confirmed by the WA91
experiment, which again used π−p interactions at
280 GeV/c and explored the same kinematic region,
but implemented a different technique for the detec-
tion of photons: reconstruction of e+e− pairs from
photon conversions in a thin lead sheet placed in front
of the proportional chambers of the OMEGA spec-
trometer [8,9].
In contrast to the above experiments which were
sensitive in the forward rapidity region, we note
here, the non-observation of ASP radiation in pp
interactions at 450 GeV/c at zero and backward
rapidities by the HELIOS experiment [10].
Several theoretical models were proposed in order
to explain the phenomenon of ASP [11–28]. Some of
them were able to describe the experimental data in
the PT range above 10 MeV/c, interpreting ASP as
a radiation from a cold quark–gluon plasma [15,18,
19], or as a synchrotron radiation from quarks [23–
25] in the stochastic QCD vacuum [29]. However, all
the models fail to describe the photon production for
PT < 10 MeV/c, i.e., in the region where the effect of
the ASP radiation is most prominent.
In this work we present the first results extracted
from the WA102 experimental data taken with pp in-
teractions at 450 GeV/c obtained using the same ex-
perimental technique (conversion of photons to e+e−
pairs in a thin lead sheet) and in the same photon en-
ergy range (0.2<Eγ < 1 GeV) as in the WA91 exper-
iment, and discuss briefly some differences observed
between π−p and pp interactions.
2. Experimental details
2.1. Experimental technique and data reduction
The data for this analysis were collected during
special data taking periods of the WA102 experiment
that was performed at the CERN OMEGA spectrom-
eter, the layout of which is similar to that used in
the WA91 experiment [8], with small differences de-
scribed below. This time, instead of the 280 GeV/c π−
beam used in the WA91 experiment, a proton beam of
450 GeV/c was incident on a 60 cm long hydrogen
target. The magnetic field (B = 1.2 T) direction was
along the z (vertical) axis of the OMEGA coordinate
system in which the beam is along the x-axis. Min-
imum bias (interaction) triggers were collected. Out
of them 4× 106 events with interaction vertex within
a beam spot inside the target and having less than 8
charged tracks have been used in this analysis. The
last requirement was necessary in order to select the
cleaner events for which the pattern recognition results
are reliable. A 50 × 50 cm2 Pb sheet of 1 mm thick-
ness was placed at a distance of 66 cm downstream
from the center of the target. In the WA102 experi-
ment there was a rearrangement in the target area: the
vertex microstrips used in WA91 were removed, and
the lead sheet was placed upstream of all the MWPCs.
This reduction in material between the target and the
lead sheet led to a reduction in the γ background with
respect to WA91.
The photons were detected via the materialisa-
tion in the lead sheet into an electron–positron pair.
The e+e− were reconstructed as V 0’s from the dig-
itizations produced in the MWPCs using a modified
version of the standard TRIDENT [30] reconstruc-
tion program which enabled reconstruction of tracks
originating in the lead sheet with momenta down to
50 MeV/c. It was thus possible to determine the line of
flight of the photon with an average error of ±10 mrad
by measuring its momentum. This error is mainly
due to the multiple scattering of the electrons and
positrons in the lead sheet. However, for the calcu-
lation of the photon polar angle θ and the associated
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variable of transverse momentum PT , we preferred
the more precise direction given by using the recon-
structed interaction point in the target and the photon
materialisation point in the lead sheet. Analogously,
for the production angle of the soft photon projected
on the x–y plane (θR), the geometrical coordinates
have been used which, due to the high accuracy of the
y-coordinate measurement in the OMEGA, results in
an angular error of ±1 mrad.
The requirements for accepting a positive and
negative particle pair (V 0) as a materialised photon
candidate were:
(a) that each track had at least 4 reconstructed space
points;
(b) that the effective mass of the V 0 found by the TRI-
DENT reconstruction program, assuming electron
masses for the tracks, was less than 70 MeV/c2;
(c) that the x coordinate of the photon apex, defined
to be at the position where the two tracks have
zero angle between them, was within ±3 cm of
the middle of the lead sheet;
(d) that the distance between the two tracks in the
x–y plane when the tracks had zero angle between
them was less than 3 mm, and
(e) only those photons were taken where the spatial
separation of their e+e− vertex from any charged
track at the lead sheet was greater than 3 mm in the
x–y plane (isolation cut). This was necessary to
avoid including soft photons which were produced
in the lead sheet by electrons or positrons origi-
nating upstream of the sheet. Moreover, this cut
suppressed a large fraction of the bremsstrahlung
photons radiated by these particles upstream of the
lead sheet, since both the parent particle and its ra-
diation arrive on the lead sheet with a small sepa-
ration.
The above defined criteria (c), (d) and (e) have
been arrived at after a visual scanning of a large
number of reconstructed real events including the soft
photon candidates and MC simulated events (using the
simulation described in the next paragraphs).
The efficiency for reconstructing photons was de-
termined by a method involving the implantation of
simulated photons into the real data. The method
generates photons with a bremsstrahlung-like spec-
trum, converts them in the lead sheet using the EGS4
code [31], transports the resulting e+e− pairs through
the lead sheet and the MWPCs and simulates clusters
in the MWPCs at the position where the e+ and e−
cross the MWPCs. After digitizing these clusters were
implanted on actual events which passed through the
TRIDENT reconstruction program followed by a stan-
dard selection and analysis algorithm. The efficiency
has been studied as a two-dimensional function of en-
ergy and emission angle of the photons, with non-
equidistant binning (down to 50 MeV in energy and
1 mrad in θ ). The validity of the efficiency correction
has been assessed by comparing the efficiency cor-
rected photon PT spectrum, in a region of PT where
photons from hadronic decays dominate, with the pre-
dictions of the Monte Carlo code for hadronic pho-
ton background (see below, Section 3). This resulted in
a systematic uncertainty due to efficiency corrections
of below 10% which agrees with independent estima-
tions of this systematic error by varying parameters of
the efficiency finding code.
We used the implantation technique to prove that
the PT measurement, based on the γ apex coordinate
finding, is not distorted by multiple scattering. The
PT error comes mainly from the reconstruction error
in the γ apex z coordinate, and was found to be
±2.9 MeV/c, with the θ accuracy of ±5.6 mrad.
As to the γ energy measurement, it was accurate to
within 10 MeV (all errors quoted in this section are
average and relevant to the photon energy range of
0.2–1 GeV).
2.2. Expected photon rates
The following sources of soft photons were consid-
ered:
(a) inner bremsstrahlung;
(b) photons from hadronic decays;
(c) Dalitz pairs from π0, η and ω decays;
(d) knock-on electrons from energetic tracks;
(e) spurious V 0 consisting of hadronic tracks which
nevertheless satisfy the photon selection criteria;
(f) secondary photons: when a high energy photon
generates an e+e− pair in the material upstream
of the lead sheet (target, target walls, air between
the target and lead sheet) the pair particles may
radiate bremsstrahlung photons, which can enter
our kinematic region. In most cases such photons
132 A. Belogianni et al. / Physics Letters B 548 (2002) 129–139
come to the lead sheet close to their parent
charged particles and are rejected by the isolation
cut (cut (e), Section 2.1). However, there is a
small fraction of such photons which are not
rejected because their parent particles bend in the
OMEGA magnetic field. Additionally, pairs from
photons of Eγ > 1 GeV converted in the lead
sheet can degrade to energies below 1 GeV due
to bremsstrahlung. The latter process represents
the major part of this background source after the
application of the isolation cut;
(g) beam halo photons;
(h) photons from secondary interactions.
In order to calculate the yields of soft photons from
(a) to (f ) we have developed a Monte Carlo code
which combines two standard programs: FRITIOF [32]
(used as an event generator) and EGS4 [31] (involved
for the proper treatment of electrons and photons)
with our own interface which transports charged par-
ticles and photons through the experimental set up
and generates knock-on electrons induced by hadrons.
The FRITIOF code was adjusted to our experimental
data. A generator of inner bremsstrahlung photons was
added to it (for bremsstrahlung calculation see next
subsection).
The results of the Monte Carlo estimations for the
soft gamma yields are given in Table 1. They are re-
Table 1
Calculated soft gamma yields (0.2 < Eγ < 1 GeV, θ < 20 mrad).
The quoted errors are statistical. The systematic errors for back-
ground calculations are estimated to be 10%, and for inner
bremsstrahlung 5%
Source Number of γ per event (%)
(see text for definitions) corrected for conversion
probability
(a) Inner bremsstrahlung 1.16± 0.02
(b) γ ’s from hadronic decays 1.70± 0.03
(c) Dalitz pairs 0.05± 0.01
(d) Knock-on electrons 0.008± 0.003
(e) Spurious γ ’s (1± 1)× 10−3
(f ) Secondary γ ’s 1.25± 0.03
(g) Beam halo γ ’s 0.08± 0.08
(h) γ ’s from secondary
interactions < 0.7 (95% C.L.)
Sum over sources (b) to (g) 3.09± 0.09
(full non-direct photon
background)
stricted to the photon polar angles θγ < 20 mrad. This,
together with the photon energy range of 0.2 < Eγ
< 1 GeV, defines the kinematic region to which the
main results of this Letter are concerned. The sys-
tematic uncertainty of the background estimations is
below 10%, as determined by varying the cut on the
charged multiplicity and particle spectra of events gen-
erated by FRITIOF which resulted in certain variations
of background photon rates.
To study the beam halo, we used a sample of 14 000
non-interacting beam track events collected during the
data taking period (beam trigger events). In this sam-
ple a single photon satisfying criteria (a) to (d) of
the photon selection was found in the quoted kine-
matic range, corresponding to a beam halo photon
rate of 0.08% per event, after taking into account
the γ conversion probability and reconstruction effi-
ciency.
As to the photons from secondary interactions,
a simple estimation shows that a fast secondary par-
ticle passing through the target downstream of the pri-
mary interaction will interact again with a probability
of 5% (in the case of the leading proton) or 3% (in
the case of a fast charged pion). An essential part of
the additional photon flux created can enter our an-
gular range, thus increasing the photon background.
Fortunately, we can evaluate this background on an
experimental basis. We subdivided our photon sam-
ple into 4 sub-samples according to the primary ver-
tex position, and compared the photon rates in the
sub-samples with the analogous ones in the Monte
Carlo stream, in which secondary interactions were
ignored. In the experimental stream, one can expect
a linear increase of the rate of forward-directed pho-
tons originating from secondary interactions when pri-
mary vertices are nearer to the target entrance. This
linear increase was not seen and the ratios of exper-
imental and Monte Carlo photon rates were found to
be equal within statistical accuracy in all sub-samples.
From this observation we obtain an upper limit for
the yield of photons from the secondary interactions
in our kinematic range to be 9% of the detected soft
photon signal (at 95% C.L.). This upper limit was ob-
tained by adding a linear term to the fit, which used a
constant term, and increasing the linear term contribu-
tion from zero until the total χ2 increases by 3.8, the
95% confidence level for the fit with a single parame-
ter.
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2.3. Inner hadronic bremsstrahlung
The bremsstrahlung calculations were performed
using:

















d3 p1 · · ·d3 pN
)
,
where K and k denote photon four- and three-
momenta, P and p are 4- and 3-momenta of
charged hadrons, η = 1 for positive outgoing
particles, η =−1 for the beam and target protons
and negative outgoing particles, and the sum being
extended over all charged particles;
(ii) the Haissinski formula [3], which is expected to
be more stable with respect to lost (undetected)
particles (when it is applied to the real data
events). It has the same form as (1) with the scalar
products of 4-vectors −(PiPj ) being replaced by
( pi⊥ pj⊥), where pi⊥ = pi − (n pi)n, n is the
photon unit vector.
The two formulae give results in complete agree-
ment when used with MC event samples unless charged
particle losses are introduced. After this introduction,
at the level of 10% which is close to the experi-
mental losses, the Haissinski formula predictions re-
main stable within 1%, while the Low formula pre-
dictions change by 10–20%. Therefore, we have used
the Haissinski formula to calculate the inner hadronic
bremsstrahlung rates.
These expected inner bremsstrahlung rates were
calculated for both the real data and MC events,
where the MC events were taken from the FRITIOF
generator under different charged multiplicity cuts in
order to check the stability of the bremsstrahlung
rate predictions for varying charged particle spectra.
We found that results for the real data and MC
events agree if we introduce in the MC stream the
same mass assignment to MC particles as we use
in the real data (namely, the fastest positive track is
assumed to be a proton and the other particles are
assumed to be pions) and impose the experimental
momentum errors on the MC particle momenta. After
this we use the calculated result obtained with the
true MC masses and exact MC momenta as a basic
estimate of the inner hadronic bremsstrahlung rate,
evaluating the systematic error for it to be less than
5%. This rate integrated over our kinematic domain
and reduced by our selection (isolation cut) is quoted
in Table 1.
3. Experimental results
The P 2T spectrum of reconstructed photons emitted
inside a cone of half angle of 225 mrad around the
beam direction and with energy 0.2 < Eγ < 1 GeV,
uncorrected for efficiency, is shown in Fig. 1 as
full circles. The background spectrum in the same
kinematic region has been obtained using our Monte
Carlo code and is shown by the open circles. The
Monte Carlo data have been normalised by a constant
factor of 0.18 (which corresponds to the average
efficiency in this range) to the higher P 2T region (P 2T >
5 × 10−4 (GeV/c)2) of the experimental sample.
Since we know from simulation studies that the
photon detection efficiency falls off with decreasing
P 2T the presence of an increase in the observed
uncorrected spectrum at small P 2T (PT < 20 MeV/c
or P 2T < 4× 10−4 (GeV/c)2) is already evidence for
a low P 2T signal not originating from the hadronic
background.
Fig. 2(a) shows the efficiency corrected PT spec-
trum upon which are superimposed the Monte Carlo
predictions. In this figure, the data follow well the ex-
pected PT distribution of photons coming from the
background above a PT of 50 MeV/c where the con-
tribution coming from the inner bremsstrahlung is
small. This agreement can be considered as an indi-
cation that our analysis is free of global systematic
effects (e.g., originated from the MC generator and
simulation of experimental setup and selection crite-
ria, efficiency corrections, etc.). For PT < 50 MeV/c
a clear excess exists which rises towards small PT .
As can be seen by comparing Figs. 2(a), (b) with
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Fig. 1. P 2
T
distribution for photons with energy 0.2 < Eγ < 1.0 GeV, θ < 225 mrad uncorrected for detector efficiency. “Data” means the
experimental data and “BG” means the full Monte Carlo non-direct photon background, as defined by (b) to (g) of Table 1, which has been
normalised to the experimental data for P 2
T
> 5× 10−4 (GeV/c)2. Insert is for WA91 [8].
Figs. 2(c), (d), this excess is essentially concentrated
in angles θ < 20 mrad.2
2 We note, that the number of photons selected under this cut
(θ < 20 mrad) is not affected by the experimental accuracy in the θ
angle (±5.6 mrad) since the angular distribution of the soft photons
(Eγ < 1 GeV) is almost uniform around the θ = 20 mrad.
The ratio of photons in this kinematic region (0.2<
Eγ < 1 GeV, θ < 20 mrad) to number of interactions
is (7.82 ± 0.15)%, accounting for conversion proba-
bility. The quoted error is statistical. The systematic
error, mainly due to uncertainty in the reconstruction
efficiency, is 10% of the rate. Reducing the photon rate
by the sum of contributions (b) to (g) of Table 1 we
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Fig. 2. (a) PT distribution for photons with energy 0.2 <Eγ < 1 GeV, θ < 225 mrad corrected for detection efficiency. “Brems” stands for the
inner hadronic bremsstrahlung, “Data” and “BG” as defined in Fig. 1; (b) same with the background subtracted; (c) and (d) same as (a) and (b)
but with additional restriction of θ < 20 mrad. The errors are statistical.
find that, in the defined kinematic region, the signal of
the soft photons is (4.73±0.18±0.91)% (with the un-
certainty coming from the upper limit for the photons
from secondary interactions, included into the system-
atic error). This is a factor 2 smaller than the signal in
the WA91 data using π−p interactions at 280 GeV/c
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Fig. 3. (a) Correlation of θP vs. θR , as defined in the text, for the data sample of e+e− pairs in Fig. 2(c). (b) The difference θP –θR for the
small PT photons of Fig. 2(c) (histogram) with the result of a fit with a Breit–Wigner (full line).
[8,9]. The ratio of the observed signal to the expected
inner bremsstrahlung is 4.1±0.8, where the main con-
tribution to the error comes from the uncertainty in the
efficiency correction and background estimation.
In order to see whether the low PT photons ob-
served in the experiment originate from the interac-
tion point we show, in Fig. 3(a), a correlation plot of
θR against θP , where θR is defined in Section 2.1,
and θP is the production angle of the photons deter-
mined from the line of flight of the photon in the x–y
plane as measured by the vector sum of the e+ and
e− momenta. A 450 correlation is observed with a
spread about this line of ±10 mrad, which is what
is expected from the Monte Carlo study and comes
mainly from the multiple scattering of the e+e− in the
lead sheet. The δθ = θP − θR distribution, shown in
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Fig. 3(b), was found to be of a Breit–Wigner shape
which is expected for a resolution function in this
experiment (superposition of many Gaussian distrib-
utions of a variable width depending on the multi-
ple scattering angle which varies with Eγ ), [33]. The
Γ (full width) of the Breit–Wigner was fitted to be
(16.9± 0.4) mrad, its position being centered at zero
within 0.4 mrad and the fit χ2 being 55.6 per n.f.d.=
54. As can be seen from this figure, the yield of the
non-correlated photons to the signal is consistent with
zero, with the upper limit for it being less than 0.1%
per event (at 95% C.L.). This upper limit is consistent
with the measured beam halo photon rate (see Sec-
tion 2.2). Restricting the abscissa of the histogram in
Fig. 3(b) within ±40 mrad results in a better χ2 of the
fit (23.2 per n.f.d.= 37) and in a slightly higher up-
per limit for the uncorrelated photon flux (0.2% per
event).
4. Comparison of π−p and pp results
Comparing the P 2T spectra of soft photons from
pp (WA102) and π−p (WA91) experiments (Fig. 1
and insert there, respectively), a difference can be no-
ticed. The π−p P 2T spectrum has a more pronounced
peak as P 2T tends to zero, corresponding to a pho-
ton signal growing faster at small PT (within a few
MeV/c) as compared to the pp P 2T spectrum. This
is due to a sharper angular distribution of soft pho-
tons in the π−p exposure compared to the pp one.
We note, that the beam relativistic γ factor in the pp
experiment is 4.2 times lower than that of π−p. In
the standard inner hadronic bremsstrahlung calcula-
tion this leads to a widening of the angular distribution
of photons emitted at lower beam relativistic γ val-
ues. More specifically, the inner bremsstrahlung calcu-
lation makes three predictions for the π−p/pp com-
parison:
(i) a widening of the angular distributions for the
inner bremsstrahlung photons in the WA102 pp
exposure with respect to those in the WA91 π−p
exposure;
(ii) a decrease of the inner bremsstrahlung produc-
tion rate integrated over an angular range of 0–
Fig. 4. Ratio of WA91 to WA102 experiments for soft photon rates
(data minus full non-direct photon background, full circles, and
calculated bremsstrahlung, triangles) in Eγ range of 0.2–1 GeV.
20 mrad by a factor 2 when going from π−p to
pp,3 and
(iii) an equalization of the inner bremsstrahlung rates
in the two exposures at wider production angles
(θ > 10 mrad).
In order to investigate these predictions, we show in
Fig. 4 the ratios of the measured signal distributions,
i.e., data after full non-direct photon background sub-
traction, for π−p to pp as a function of the produc-
tion angle (those for the WA91 experiment were taken
from [9]) and the same ratios for the calculated inner
bremsstrahlung photons smeared by experimental res-
olution (circles and triangles, respectively).
It can be seen that the ASP radiation reported here
shows similar features to those predicted in (i) to (iii)
from the inner bremsstrahlung calculation, excepting
the absolute values.
To conclude, we display the result of this Letter
in Table 2, together with other results on soft photon
production in hadron–hadron interactions mentioned
in the Introduction. For the sake of completeness,
the result of the first experiment in this field done
at 10.5 GeV/c [34], is also included in the table.
3 This factor changes to 1.6 accounting for our experimental
selection (isolation cut) which affects the bremsstrahlung radiation
in these exposures in a slightly different way.
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Table 2
A summary of experimental results on direct soft photon observation
Ref. Beam and target Photon kinematic range Ratio of signal to
inner bremsstrahlung
[34] π+p, 0 <XF < 0.01, 1.25± 0.25
10.5 GeV/c Eγ > 30 MeV, PT < 20 MeV/c
[4] K+p, −0.001 <XF < 0.008, 4.0± 0.8
70 GeV/c Eγ > 70 MeV, PT < 60 MeV/c
[5] K+p, −0.001 <XF < 0.008, 6.4± 1.6
250 GeV/c Eγ > 70 MeV, PT < 40 MeV/c
π+p, The same 6.9± 1.3
250 GeV/c
[6] π−p, 1.4 < yc.m.s.  5, 7.9± 1.4
280 GeV/c 0.2 <Eγ < 1 GeV, PT < 10 MeV/c
[8,9] π−p, 1.4 < yc.m.s.  5, 5.3± 1.0
280 GeV/c 0.2 <Eγ < 1 GeV, PT < 20 MeV/c
[10] p Be, −1.4 < yc.m.s.  0, <1.5–3
450 GeV/c 15 <Eγ < 150 MeV, PT < 10 MeV/c (at 90% C.L.)
This work pp, 1.2 < yc.m.s.  5, 4.1± 0.8
450 GeV/c 0.2 <Eγ < 1 GeV, PT < 20 MeV/c
What may be an interesting observation is that the
ASP signal appears to increase with increasing beam
relativistic γ factor. Hence, it would be interesting to
see if the magnitude of the signal will be even larger
in future experiments at LHC energies.
5. Conclusion
This experiment establishes the existence of an
anomalous soft photon signal in pp interactions at
450 GeV/c in the kinematic region 0.2 GeV < Eγ <
1 GeV and θ < 20 mrad at a level 4.1± 0.8 times that
expected from inner bremsstrahlung, which is to be
compared with that observed for π−p interactions at
280 GeV/c, i.e., 5.3± 1.0.
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